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The widespread deployment of WDM optical networks posts lots of new challenges
for network designers. Traffic grooming is one of the most common problems. Efficient
grooming of traffic can effectively reduce the overall cost of the network. But unfor-
tunately, traffic grooming problems have been shown to be NP-hard. Therefore, new
heuristics must be devised to tackle them. Among these approaches, metaheuristics are
among the most promising ones. In this paper, we present a thorough and comprehen-
sive survey on various metaheuristic approaches to the grooming of traffic in both static
and dynamic patterns in WDM optical networks. Some future challenges and research
directions are also discussed in this paper.

Keywords: WDM optical network; traffic grooming; genetic algorithm; tabu search;
simulated annealing.

1. Introduction

Wavelength-division multiplexing (WDM) technology will undoubtedly dominate
next-generation backbone transport networks. In WDM optical networks, hundreds
of wavelength channels can be established in a single fibre to make the best use of its
huge bandwidth. In such a network, the set of lightpaths on the optical layer, which
is used for transmitting an optical message between its end nodes, defines the virtual
topology; their interconnections are implemented via optical cross-connects (OXCs).
FEach OXC can switch the optical signal coming in on a wavelength of an input
fibre to the same wavelength in an output fibre. Such network architecture makes
it flexible to various services and protection requirements. The deployment and
design of such WDM optical networks are currently subjects of intensive research
and developmental efforts.
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In such network architectures, the traffic requirement between each pair of nodes
is generally low-rated (e.g. CO-3) but the wavelength’s capacity is usually high-
rated (e.g. OC-48 or OC-192). The discrepancy between these two requires that
a number of such low-rate traffic streams be multiplexed onto high-rate wave-
lengths to make full use of their capacity and, at the same time, minimise costs
to the network. On the other hand, multiplexing/demultiplexing a traffic stream
to/from a wavelength requires that the wavelength drop at the two end nodes
of it, at which an electronic equipment must be used to process such an opera-
tion. In SONET/WDM networks, for example, a SONET add/drop multiplexer
(ADM) is required to electronically combine such low-rate traffic streams onto a
high-rate circuit (wavelength). Furthermore, such electronic equipments are often
very expensive. Therefore it is required that each wavelength drops at only those
nodes that have low-rate streams congregated onto it in order to reduce the cost.
This is realised by the addition of a wavelength ADM (WADM) at each node.
With the WADM, each wavelength is allowed to either drop at a node or opti-
cally bypass it with no electronic equipment requirement at that node for that
wavelength. A question that arises in such a system is how to groom low-rate
traffic streams onto each wavelength so that the amount of electronic equip-
ment needed in the network is minimised while as few wavelengths as possible
are used. This problem, often referred to as the traffic grooming (TG) problem,
has been proven to be NP-complete! and is a topic of much interest in recent
literature.! 6

The topic of TG has always been one of the popular problems in the optical
communications field since it was first proposed in 1998. It was the main focus in the
recent special issue on WDM-Based Network Architectures in the IEEE Journal on
Selected Areas in Communications.” The first workshop on TG in WDM Networks
was held in San José, CA, USA recently.® Comprehensive review has been done
in this subject.*? But there has not yet been any article in the literature that
provides a review on metaheuristic approaches to the grooming of traffic in WDM
optical networks. Since metaheuristics are very good general-purpose search and
optimisation tools, they have been widely used to tackle such problems. In this
paper we will provide a thorough and comprehensive survey on metaheuristics to
various grooming problems. Some future challenges and research directions are also
discussed in this paper. One purpose of this paper is to provide the researchers and
practitioners in the metaheuristics community with a new application area, and
those in the traffic grooming community with a new tool to improve the grooming
performance.

The rest of this paper is organised as follows. Section 2 gives the basic concept
of grooming in WDM optical networks. Sections 3 and 4 give a thorough survey on
metaheuristics to the grooming of both static and dynamic traffic patterns. Some
future challenges and research directions of traffic grooming are discussed in Sec. 5.
Finally, conclusions are drawn in Sec. 6.
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2. Traffic Grooming in WDM Optical Networks

Traffic Grooming (TG) is one of the most important traffic-engineering techniques.
It is defined as the allocation of sub-wavelength tributaries onto full wavelength
channels in order to achieve efficient utilisation of network resources, for example,
by minimising cost or blocking probability, or by maximising revenue. This is a
complicated, combinatorial optimisation problem which has been shown to be NP-
complete even in a single-hub unidirectional ring network with nonuniform traffic
requirements between each pair of nodes.! It was first introduced in 1998'9'2 and
has since aroused much interest in researchers from both academia and industry
due to its high academic and commercial values. It is also one of the most attractive
topics in journals related to optical networks.

In WDM optical networks, each fibre transmits a number of wavelengths simul-
taneously in a WDM manner and at the same time each wavelength can carry
several traffic streams in a time-division multiplexing (TDM) manner. By using the
ADM, low-rate traffic can be multiplexed onto a high-rate circuit. Four OC-3 traffic
streams, for instance, can be multiplexed onto an OC-12 circuit, and 16 OC-3’s onto
an OC-48, etc. The number of low-rate circuits a wavelength can accommodate is
referred to as traffic granularity. Since high-speed ADMs are very expensive, they
usually dominate the total cost of today’s backbone networks. Hence, to reduce
such costs, TG is often used to avoid the situation where each wavelength drops at
too many nodes in the network.

The benefit of TG in WDM optical networks can be seen from the simple exam-
ple given below. Consider a four-node unidirectional ring. The traffic requirement
between each pair of nodes is eight OC-3’s and the wavelength capacity is OC-48.
Thus each wavelength can carry two node-pairs” amount of traffic. Since there are
six node-pairs of traffic on the ring, three wavelengths are needed.

Figure 1(a) shows the traffic assignment with no grooming, where wavelength
A1 accommodates traffic requests between node-pairs 1+-2 and 3«4, Ay 23 and
14, A3 13 and 2<4. In this assignment, every wavelength drops at every node
so that three ADMs are needed at every node. 12 ADMs are needed on the ring.

Figure 1(b) gives another assignment with proper grooming. In this scenario,
nodes 1, 2, and 4 are equipped with a WADM, which allows only wavelengths
that carry traffic to/from that node to be added/dropped at it, bypassing all other
wavelengths. The assignment of traffic is as follows:

A1: 12 and 1+3;
Aot 23 and 2«4,
A3: 14 and 3+«4.

There are also three wavelengths, but since each wavelength drops at only three
nodes, nine ADMs are needed this time, and three ADMs are saved compared
to Fig. 1(a).
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Fig. 1. A grooming example on a four-node unidirectional ring with two different scenarios. (a) A
possible grooming scenario with 12 ADMs. (b) Another possible grooming scenario with only 9
ADMs.
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In these two grooming scenarios, the traffic is carried by the same number of
wavelengths. Every wavelength works at their full capacity, but the number of
ADMs required is different. This shows that after appropriate grooming, not only
can the burden of the electric devices be alleviated, but their numbers can also be
reduced. In large-scale networks, the reduction of AMDs due to good grooming will
bring about remarkable savings to the costs of constructing them. Therefore, traffic
grooming is one of the problems that must be taken into serious account in the
design of today’s high-speed telecommunications networks.

Depending on whether traffic changes or not, there are basically two groom-
ing categories: static grooming and dynamic grooming. The former is to groom
a known and unchanged traffic pattern in order to use the minimum number of
ADMs to support it. The latter is to groom a set of changing traffic patterns, either
known or unknown, in order to use the minimum number of ADMs to support
this changing traffic. It was shown that the traffic grooming problem is NP-hard
even for a unidirectional ring with only one egress node and nonuniform traffic.
The grooming of arbitrary traffic on a general network topology is even more
difficult. Therefore, metaheuristics are good candidates for it. The following will
give a thorough survey on metaheuristics to the grooming of static and dynamic
traffic.

3. Metaheuristics in the Grooming of Static Traffic

The grooming of static traffic has been one of the most interesting topics in the
literature. Although it is more practical to groom dynamic traffic, the grooming of
static traffic not only serves as an approximate to the grooming of dynamic traffic,
it also provides a basic methodology to it. All the major metaheuristic techniques,
i.e. genetic algorithms (GAs), tabu search (TS), and simulated annealing (SA), have
been applied to this kind of grooming. We will discuss each of these approaches to
this kind of grooming in the following subsections.

3.1. Genetic algorithms in static traffic grooming

Due to the power of GAs in combinatorial optimisations, it was the first meta-
heuristic approach used in the grooming of traffic in WDM optical networks.

In 1999 Tzeng et al. proposed a simple GA approach to the grooming of traffic in
unidirectional rings.'® Their objective was to minimise the number of transceivers
and wavelengths. They used a chromosome P to denote the state of lightpaths
and a sub-chromosome L to indicate the usage of wavelengths in each lightpath.
These two chromosomes were arranged in a hierarchical manner to represent the
assignment of wavelengths on the ring. A crossover of AND operation was used to
combine two sub-chromosomes L and Lo to produce only one offspring L and a
new chromosome P was derived from L. The mutation was to randomly assign a
wavelength to carry traffic.
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Although this hierarchical chromosome is of interest in that the state of light-
paths and the usage of wavelengths are marked separately, we do not know how
to distinguish wavelengths in each lightpath. In addition, when the numbers of
lightpaths and wavelengths are large, it could be a very long chromosome. On the
other hand, this GA approach has only been applied to a very small problem:
an eight-node unidirectional ring with only eight traffic requests. Therefore, we
do not know how good this approach is to the grooming of traffic in large-scale
networks.

In Ref. 14, Xu et al. proposed another GA approach based on the circle-
construction model? to groom circles onto wavelengths. They first divided every
traffic request into basic elements (i.e. the lowest speed elements) then used a
heuristic proposed in Ref. 2 to construct C basic circles. Contrary to Ref. 2, in
which the authors applied another heuristic to grooming circles onto wavelengths,
they employed a GA to grooming circles onto wavelengths. A seed obtained from
the greedy circle-grooming algorithm in Ref. 2 was inserted into their initial pop-
ulation and the rest chromosomes were generated by random permutation of the
C circles. In decoding they used two methods, next-fit (NF) and best-fit (BF), to
assign circles to wavelengths in accordance with their order in the chromosome. NF
distributes circles evenly among all wavelengths, but BF tries to fully pack every
wavelength except possibly the last one. Two crossovers, partially mapped crossover
(PMX) and order crossover (OX), were used to produce offsprings. In mutation,
they right-shifted elements of an individual by a random number of positions in a
cyclic manner.

Simulations showed that this GA approach achieved better results than the
heuristics of Ref. 2, although only grooming results in unidirectional rings were
provided, with only a unit connection among all pairs of nodes. Even so, we find
that these results are not good enough for large-scale networks. The reasons will be
analysed in subsection 5.1. To address these problems, a new GA-based approach
has been introduced.

In 2002, Xu et al. proposed a new GA-based approach to groom arbitrary
nonuniform traffic in SONET/WDM ring networks.!® Their algorithm operated
directly on traffic matrix and groomed traffic in a comprehensive way. They first
converted the traffic matrix into a vector then used a random permutation of the
traffic items as a chromosome. The position of each item was used to decide the
decoding order. They then proposed a first-fit heuristic incorporated with a greedy
local improvement to decode each chromosome. The algorithm assigned the first
encountered traffic items to each wavelength until one link load on the wavelength
exceeded its capacity; the local improvement was then called to assign such a traffic
item to it with no additional node added. By assigning a proper fitness value to each
chromosome, their approach could be used either to minimise the number of ADMs
by using as few wavelengths as possible, or to minimise the number of wavelengths
by using as few ADMs as possible. They chose the former as their optimisation
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objective. The order-mapped crossover (OMX) proposed in Ref. 16 was used to
produce offspring and the inversion of a section of some randomly selected genes
was used as mutation.

Their algorithm was tested in unidirectional rings with arbitrary traffic requests
between each pair of nodes. Simulations showed that their approach were quite good
at reducing both the numbers of ADMs and wavelengths. They also found through
simulations that the numbers of ADMs and wavelengths could not be minimised
simultaneously. One problem with this approach is that they did not consider the
splitting of traffic during grooming. Since the amount of traffic requests was not
small enough compared to the wavelength’s capacity, there were a lot of ‘gaps’
(unused capacities) left on each wavelength after grooming, which would lead to
consuming not only more ADMs but also more wavelengths. Hence, they later on
proposed another GA approach incorporated with splitting techniques to further

improve the grooming results.!”18

3.2. Grooming with other metaheuristic approaches

Some other metaheuristics, including T'S and SA, are also applied to improve groom-
ing performance in various WDM optical networks with static traffic patterns.

In Ref. 3, Wang et al. proposed an SA approach to tackling the static traffic
grooming problem in the ring network. They adopted the two-step method used in
Ref. 2 to their algorithm. They first used the heuristic in Ref. 2 to construct circles,
then randomly combined circles to wavelengths. In the SA process, the authors
randomly picked two circles on different wavelengths, swapping part of them or
the whole circles as a perturbation. Since the probability for partial swapping was
set to be very small, whenever the criterion for partial swapping was satisfied,
they checked if there were segments in the two circles that were swappable with
no broken connections. If the result was negative, the whole circles were swapped.
If the perturbation reduced the ADM usage, it was accepted, otherwise, it would
be accepted by probability. The process terminated when some predefined criteria
were satisfied.

From the simulations it was found that for most of the time, the SA approach
achieved better results than the greedy heuristic in Ref. 2 for uniform traffic with
the single-hop case. Sometimes, it even reached the lower bound. But for arbitrary
nonuniform traffic, although both approaches achieved good savings in ADM’s com-
pared to its upper bound, the SA approach only brought up results similar to the
greedy heuristic.

The main problem with this approach is the same for all the others that used
the circle-construction method. Since the circles have been fixed in the first step
and the minimum number of wavelengths has been used in the second, it is very
difficult for this SA approach to obtain optimal results for arbitrary nonuniform
traffic patterns. The reasons will be discussed in subsection 5.1.
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In Ref. 19, Li et al. proposed a similar SA approach to traffic grooming in
the ring network. To make their grooming more efficient, the authors introduced
traffic-cutting into their algorithm. They first used the method in Ref. 2 and a cut-
first heuristic to construct circles, then proposed a hill climbing (HC) and an SA
approach to grooming circles onto wavelengths. Following Ref. 20, they defined the
operators of merging, splitting, and combining. Merging refers to swapping two seg-
ments with the same end nodes in two different wavelengths to see if this would bring
more end-node sharing. Combining refers to finding two segments of unnecessarily
split connections and combining them. Splitting refers to splitting a connection such
that the split parts can fit perfectly into the gaps of other wavelengths. All these
operators may bring more end-node sharing and make the assignment more efficient.

HC starts from a current solution, then a set of new solutions is generated by
applying the above operators. A new solution is selected randomly from the solu-
tions that are better than the current one. In this way, a good solution can be
reached along a certain path. After storing a number of paths, the best solution is
returned.

In SA, the same operators as in HC are applied but a different strategy is
used to select new solutions. A random solution S is chosen from current solution
S1 and a new current is made with probability min{1,exp(—3/T)}, where § =
Costl — Cost2, Costl is the number of end nodes in solution S, and Cost2 is the
number of end nodes in solution S1. T is the ‘temperature’ of SA. In this way, local
optima can escape. As in HC, SA returns the best solution found over all paths.

Simulations found that both HC and SA approaches produced solutions with
nearly 10% fewer end nodes than the cut-first and assign-first (no splitting)
approaches alone. The authors also found that HC was not only more stable than
SA, but that when the number of nodes on the ring was large, HC could achieve
better results than SA. The authors did not specify the reasons. We think the rea-
son may be the same as that stated in Ref. 3, that is, the search space is too large
in the nonuniform-traffic case for any SA to find good solutions.

Table 1 summarises various metaheuristics in the grooming of static traffic, from
which we are able to know the strengths and weaknesses of each approach.

4. Metaheuristics in the Grooming of Dynamic Traffic

Compared to static traffic grooming, it is more practical and general to groom
dynamic traffic patterns since static traffic is either merely a special case or a sim-
plification of dynamic traffic. In the grooming of dynamic traffic, we often use a
set of traffic patterns to represent its change. There are mainly two categories of
grooming®: strictly nonblocking and rearrangeably nonblocking. If the same traffic
request in the set of traffic patterns can be assigned to the same wavelengths with-
out rearranging the assignments among them when traffic changes, it is strictly
nonblocking grooming. By this way, all requests in any new traffic pattern can be
established without being interrupted. On the contrary, rearrangeably nonblocking
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Table 1. Comparison of metaheuristics in the grooming of static traffic.

Algorithm and Method Strengths Weaknesses References
GA, hierarchical State of lightpaths Has only been applied to 13
chromosome and usage of wavelengths  a very small problem

are marked separately

GA, circle-construction Clear meaning; quite Unable to obtain 14
model straightforward optimal results

GA, directly operating Has potential to obtain Does not consider 15
on traffic matrix optimal results traffic split

SA, circle-construction Clear meaning; quite Unable to obtain 3
model straightforward optimal results

SA, circle-construction Clear meaning; quite Unable to obtain 19
model with traffic-cutting  straightforward optimal results

grooming is established by assigning each traffic request to the existing wavelengths
with possibly rearranging some of the requests among them but the set of nodes at
which each wavelength drops is kept unchanged. Due to the possible rearrangement
of the requests among different wavelengths, some of the existing traffic may be
interrupted when new traffic is established. Nevertheless, this grooming category
is usually more efficient in saving ADMs and wavelengths compared to the groom-
ing of strictly nonblocking, since more ADMs can be shared by rearranging some
requests in different traffic patterns.

The grooming of dynamic traffic is much more difficult than the grooming of
static traffic. Hence, it has not been extensively investigated. As for the metaheuris-
tics, only GA and TS approaches have been applied to this kind of grooming so
far. We will give a thorough review of these two metaheuristics to the two dynamic
grooming categories described below.

4.1. Genetic algorithms in dynamic traffic grooming

GAs are again the first approaches applied to these two grooming categories. In
Ref. 21, Xu et al. proposed a complicated two-step GA approach to grooming
dynamic traffic in the unidirectional ring network in a rearrangeably nonblocking
way. Their approach was also based on the circle-construction approach in Ref. 2.
They first treated the dynamic traffic patterns at each moment as static ones and
followed the heuristic in Ref. 2 to construct circles. They then employed a GA to
combine the circles to obtain a static grooming result. Finally, they utilised another
GA, by following the ways described in Ref. 5, to match the M virtual topologies,
each corresponding to a traffic pattern, to obtain a dynamic grooming result.

At the first step, a chromosome was produced by randomly placing the C circles
in a W x G matrix, where G is the ratio of the wavelength’s capacity to the basic
traffic rate, and W = [C/G] is the minimum number of wavelengths used on the
ring. Each entry of the matrix corresponds to a circle and each row of it denotes
the circles that have been assigned to a particular wavelength. Since C'/G may not
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be an integer, there may be some ‘empty’ circles in the matrix’s entries. A modified
PMX operator was used as crossover and a random swapping of two circles on two
different wavelengths was used as mutation.

After the grooming for every traffic pattern in the first step, they generated
another random permutation of a W x M matrix T as the chromosome in the
second step, where M is the number of traffic patterns. Each element w;; in T
is a binary row vector w;; = [1/0,1/0,...,1/0]1xn, representing the placement of
ADMs on the ith wavelength of topology j. If there is an ADM at the kth node,
k € [1, N], the corresponding kth element in w;; is 1, otherwise w;; equals 0. The
elements on each column were randomly permutated to generate a chromosome.
They used a two-point crossover to produce offspring and mutated a chromosome
by re-permuting a column.

In simulations, the authors only tested their algorithm with uniform and
t-allowable traffic patterns although they claimed that ¢-allowable traffic was some-
times uneconomical. Another drawback to their approach lies in their three-step
grooming process: a heuristic to construct circles; a GA to groom circles onto wave-
length; and another GA to match virtual topologies to realise dynamic grooming.
Disregarding that it is unlikely for all of these three steps to be optimal, even if
optimal results in every step is obtainable, the final result could also be sub-optimal
for it is obvious that three optimal results in each step do not necessarily lead to
a global optimal solution to the problem. Thus this three-step method is unlikely
to achieve optimal grooming results and could be very time-consuming. Further-
more, as was discussed in Ref. 6, this matching method inevitably leads to some
idle ADMs for each traffic pattern, i.e. only a part of the ADMs might be used
for a certain traffic pattern, which is also a form of wastage in ADM resources.
Finally, the use of the minimum number of wavelengths in their grooming does not
guarantee that the number of ADMs is minimised at the same time.

Based on the above observations, Xu et al. proposed a comprehensive GA
approach in Ref. 6 to carry out strictly nonblocking grooming of dynamic traffic in
ring networks. The chromosome representation was the same as in Ref. 15, but this
time, they employed one chromosome to represent M traffic patterns. In decoding,
they proposed a first-fit approach incorporated with a greedy local improvement
algorithm to assign traffic items in the chromosome to the current wavelength. If a
traffic item could no longer be assigned to the wavelength, a local improvement algo-
rithm was called to assign such a traffic item to it with no additional nodes added.
Four different local improvement scenarios were introduced and compared in Ref. 6.

In simulations, they found that it is important to combine GAs with an appro-
priate heuristic in order to improve grooming performance. They compared their
GA approach with the local greedy algorithm only and found that the former sig-
nificantly outperformed the latter. If a pure GA with no local improvement was
used, its performance was worse than the heuristic alone. The benefit of grooming
multiple traffic patterns instead of the maximum static traffic was also analysed
and demonstrated by simulation. The authors pointed out that the benefit of such
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grooming is that it can make full use of the dynamics of the changing traffic to
make some compensation among the traffic requirements between different pairs
of nodes. When traffic changes dynamically, the traffic requirements at their lower
level can compensate for those at their higher level. In this way, more ADMs as
well as wavelengths can be shared compared to the grooming of maximum traffic.
One problem with the authors’ approach is that they did not consider the splitting
of traffic during grooming which would lead to some ‘gaps’ on each wavelength.
Hence, they proposed another GA approach incorporated with splitting techniques
to further improve the grooming results.!”18

Reference 17 deals with strictly nonblocking grooming while Ref. 18 deals with
the rearrangeably nonblocking one. In these two papers, the authors incorporated
three splitting techniques into GA approaches to groom dynamically changing traf-
fic. They analysed the benefit of grooming by splitting, and proposed two splitting
methods: traffic-cutting and traffic-dividing. They then combined them to form
the third splitting method: synthesised splitting. The first method is to cut traffic
into shorter segments so that they are more easily fit into the remaining capacities
of the wavelengths. With this method, the original single-hopped traffic becomes
multi-hopped and some intermediate nodes are needed to bridge it. Therefore, they
suggested not cutting a traffic flow into too many segments. The second method is
to divide traffic into smaller parts operating at lower rates so that the lower-rate
parts can be assigned to the remaining capacities of the wavelengths. With this
method, although the traffic remains single-hopped, the network’s virtual topology
will become more complex. Hence, the traffic flow should not be divided into too
many parts either. The third is a combination of these two splitting methods.

In Ref. 17, the authors’ designed a new heuristic to decode the chromosome and
combined the GA approach with different splitting techniques to further improve
the grooming performance. In this approach, they first assigned a first-encountered
traffic item in the chromosome to the current wavelength. The algorithm then
examined the remaining traffic items to assign such traffic to the wavelength whose
source and termination nodes had already been its dropping nodes. After that,
the algorithm tried to assign the next-encountered traffic in the chromosome to the
current wavelength and then proceeded with its search again. This process continued
until one of the link loads in the current wavelength exceeded its maximum. In this
way, when a wavelength dropped at m nodes, the algorithm could assign as many
traffic items as possible to it to minimise the numbers of ADMs and wavelengths.
They found that this decoding approach was more efficient in reducing the number
of ADMs than the one in Ref. 6. If no traffic could be assigned to the current
wavelength as a whole, the algorithm would attempt to assign traffic to the current
wavelength by one or more splitting methods without adding new ADMs.

The difference between this splitting method and the previous ones in Ref. 20 for
dividing and Ref. 19 for cutting is that it cuts and divides traffic only when required.
But in Ref. 20 the authors divided all traffic into basic elements and in Ref. 19 some
of the basic elements were further cut into segments. This meant that each traffic
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flow was split into much smaller fragments and each fragment was inclined to be
assigned to different wavelengths, which inevitably made a network more complex
and increased the control overhead of the system. The signal transmission would be
delayed as well. On the contrary, in Refs. 17 and 18, traffic was cut or divided only
when there was spare capacity on the wavelength and one of the cuts or divided
parts could be assigned to it with no additional nodes added. In this way, the
amount of split traffic was minimised and so was the control overhead.

In Ref. 18, the authors incorporated the splitting method with a GA having a
hierarchical chromosome structure to tackle the rearrangeably nonblocking groom-
ing problems. In this algorithm, each individual is composed of two hierarchical
chromosomes: a master chromosome and a slave chromosome. The use of this hier-
archical chromosome structure was based on the fact that in rearrangeably non-
blocking grooming each wavelength would drop at the same set of nodes when
traffic changed but for different traffic patterns the same traffic demands might
be assigned to different wavelengths. Therefore, they used the master chromosome
to record each wavelength’s dropping nodes and M slave chromosomes to track
the assignments of M traffic demands among the wavelengths. Furthermore, the
slave chromosomes were only accompanying chromosomes which were produced
by a heuristic to rearrange traffic demands among wavelengths and which would
then delete some spare ADMs and/or wavelengths after such a rearrangement. The
slave chromosomes were updated when a new master chromosome was generated
by crossover or mutation.

In simulations, they found that the splitting methods were always more efficient
in saving both ADMs and wavelengths than the non-splitting one and that the syn-
thesised one achieved the best results. They also found that the savings were more
significant with splitting methods for large-scale networks. They found that when
the traffic granularity is large enough, the dividing method is usually better than
the cutting method; but when the traffic granularity is small, the cutting method
is better than the dividing method in almost all the cases. Comparing their results
with those obtained from Ref. 21 they found that this new method is much more
efficient in saving ADMs and that the method used in Ref. 21 only led to results
worse than no grooming by using the minimum number of wavelengths. Therefore,
we have to make a compromise between minimising the number of ADMs and min-
imising the number of wavelengths when choosing a specific grooming algorithm.
The best way is to use a multiobjective optimisation tool to find the Pareto optimal
of the problem.

4.2. Dynamic grooming with tabu search approaches

Apart from GAs, TS has also been applied to improve grooming performance in
ring networks with dynamic traffic patterns.

In Ref. 22, Zhang et al. addressed an interesting grooming problem: reconfig-
urable grooming of dynamic traffic in ring networks. The authors treated dynamic
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grooming as a series of additional traffic grooming. That is, based on the current
wavelength assignment, when traffic changes, a grooming algorithm is used to recon-
figure the wavelength assignment according to the new traffic pattern without dis-
rupting the old traffic assignment. Two cases, best-fit and full-fit, for handling
reconfigurable SONET over WDM networks were proposed in this paper. Best-fit
means to place as much new traffic as possible using the available capacity of the
current configuration without increasing the number of ADMs, while full-fit means
to satisfy all new traffic by adding the minimum number of ADMs.

For each case, an integer linear programming model, a greedy and a TS heuris-
tic (TS-1 and TS-2) were given, all of which were based on the two-step circle
construction model proposed in Ref. 2.

For the best-fit case, the greedy algorithm starts from grooming the first traffic
matrix T[¢, j] using the algorithm in Ref. 2. The information regarding whether the
entire capacity between two nodes has been occupied, whether there has been an
ADM at a node, and at which wavelength a circle has been groomed on, should also
be recorded. When a new traffic matrix T’[¢, j] is given, the difference between the
two matrices, D[i, j] = T'[i, j] — T[i, j], is computed. If there are some connections
in the old matrix that do not exist in the new one, they are removed. If there are
two continuous connections over two circles, they are merged into a bigger one. In
grooming new traffic, the traffic in the difference matrix DJ[i, j] is assigned to the
wavelengths from the shortest hop length to the longest hop length with no new
ADM added.

The TS heuristic for the best-fit case (TS-1) takes the grooming result from the
greedy algorithm as its initial solution. The neighbourhood is defined by swapping
part of two circles of the solution in which at least one wavelength should have
enough capacity. After such swapping, the assigning of the remaining traffic to the
swapped wavelengths is attempted. For all the candidate solutions, the one that
is not tabu and which could increase the most traffic is chosen as the new current
solution. The search terminates after the pre-specified number of iterations has been
reached or if there has been no improvement after a certain number of steps.

A three-phase algorithm was developed for the full-fit case. First, a best-fit algo-
rithm was used (greedy or T'S-1) to groom as much traffic as possible to wavelengths
with the existing ADMs. Secondly, if there was enough capacity on a wavelength
for additional connections, an ADM was placed at a node to groom additional traf-
fic onto it. Finally, another TS heuristic (TS-2) was used to groom the remaining
traffic onto new wavelengths. Since the structure of TS-2 is basically the same as
TS-1, we neglect it here.

Simulation results have shown that TS-1 could yield better solutions but takes
longer than the greedy algorithm for the best-fit case. For the full-fit case, T'S-2
yields more competitive results compared to an earlier SA-based method and is
more stable for the dynamic case.

The problem with the above algorithms is that either T'S-1 or T'S-2 is in fact a
static offline grooming of changing traffic. The relatively long running time prevents
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Table 2. Comparison of metaheuristics in the grooming of dynamic traffic.

Algorithm and Method Strengths Weaknesses References
GA, circle construction None Unable to obtain 21
model with a two-step GA optimal results;

very time-consuming

GA, directly operating Has the potential to obtain Does not consider 6
on M traffic matrices optimal results traffic split

GA, directly operating Has the potential Requires a longer time 17,18
on M traffic matrices to obtain optimal results

with traffic split

TS, circle-construction model Clear meaning; quite Unable to obtain

with best- and full-fit cases straightforward optimal results; difficult 22
to dynamically
add new ADM’s

them from being used in online provisioning of dynamic traffic. Another problem
exists, which is also inherent in all the others that used the circle-construction
algorithm as their starting point: the number of ADMs and wavelengths cannot be
minimised concurrently. An additional problem with the best-fit approach is that
the method to dynamically add new ADMs to the network when needed is still not
yet known.

Table 2 summarises various metaheuristics in the grooming of dynamic traffic.
We can see the strengths and weaknesses of each approach from this table.

5. Problems and Challenges

TG is a newly emerged problem in WDM optical network design. It has drawn
much attention from both academia and industry. Efficient grooming of traffic not
only reduces the whole network’s cost but also increases signal quality by using
fewer wavelengths on each fibre. Unfortunately, the traffic grooming problem is a
complicated NP-hard problem to which highly efficient heuristics must be utilised.
The use of metaheuristic approaches to the grooming problems enables us to achieve
high-quality solutions in a reasonable time. However, till now only preliminary work
has been done in applying metaheuristic approaches to the grooming problems
in which only ring networks have been considered. Therefore, in the future, the
following problems must be addressed in this field.

5.1. Algorithms directly operating on traffic matrices

We have found in the survey on this topic that most of the approaches that have
been used are based on the circle-construction method proposed in Ref. 2. Although
it is quite straightforward and reasonable for the circle-construction method to be
used in metaheuristic algorithms and despite this method possessing clear mean-
ing, there are still some problems with it. The first is that the numbers of ADMs



Metaheuristic Approaches to Traffic Grooming 245

and wavelengths cannot be minimised concurrently.>*® Since this method uses the
minimum number of wavelengths as its searching point, the number of ADMs can-
not be minimised at the same time for arbitrary nonuniform traffic patterns. The
second is that this is a two-step method. Hence, even if the optimal solution can be
found at each step, it is still uncertain that the optimal solution for the whole prob-
lem can also be found. In addition, with this two-step approach, there are always
some idle ADMs.% The third problem is that with this method all the connections
on the ring have to be divided into elementary parts and different parts in the same
connection will probably be assigned to different wavelengths. This will inevitably
increase the complexity of the virtual topology and the management overhead of
the network. The last is that this method can only be used in ring networks. For
more general topologies, e.g. mesh networks, it is difficult to construct circles. This
is why most of the metaheuristic approaches that have been used so far deal only
with the grooming of traffic in ring networks.

Therefore, it is imperative to design metaheuristic algorithms that operate
directly on the traffic matrices and use only a one-step approach to groom
traffic onto wavelengths. Not only can these algorithms be used in ring net-
works, they can also be easily extended to other general topologies. On the
other hand, as it has been repeatedly shown that pure (or classical) GAs or
other metaheuristic approaches often perform poorly in solving sophisticated com-
binatorial optimisation problems, an efficient heuristic decoding method must
also be imbedded in these algorithms to improve their grooming performance.
If splitting techniques have to be included, it is ideal that traffic is split only
when needed and that one of the split parts must be assignable to the current
wavelength.

5.2. Grooming in mesh and other topology networks

Although it is reasonable to groom traffic in ring networks due to its widespread
use in today’s infrastructural networks, the mesh topology is still more practical
in the general sense, especially in IP/WDM networks where packages are usually
routed in such topologies. While grooming of traffic in such networks has been
23726 only one paper presented
a GA approach combined with clustering heuristics to deal with this problem with

investigated recently with other heuristic algorithms,

single- and multi-hop connections.?” Since traffic grooming in a mesh network is
much more complex than in a ring network, metaheuristic approaches are more
than needed.

Due to the ‘mesh’ characteristic of such networks, metaheuristic approaches
alone — pure GAs for instance — are not powerful enough to obtain good
grooming results. An ideal way to grooming traffic in such networks might be
the incorporation of metaheuristic approaches with other efficient local or greedy
search mechanisms. The heuristic algorithms that have been developed so far, in
Refs. 23-26 for example, could be used for this purpose. This incorporation of
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metaheuristics with other search heuristics is significant not only in traffic groom-
ing but also in other optical network design problems, such as routing and wave-
length assignment, protection, optimisation of wavelength converters and optical
amplifiers, etc.

5.3. Grooming of dynamic traffic

At present, the metaheuristic algorithms developed for the grooming of dynamic
traffic are in fact offline algorithms. These algorithms usually work on a set of known
traffic matrices (patterns) and assign these matrices one by one to wavelengths to
realise ‘dynamic grooming’. Obviously, this is not dynamic grooming in its true
sense. A real dynamic grooming algorithm must be able to groom dynamically
to satisfy random connection requests on the network. This requires a fast online
algorithm. Metaheuristic approaches are in general not suitable for this purpose
since they usually need time-consuming iterations to complete a single computa-
tion. Therefore, an alternative way must be utilised to incorporate metaheuristic
approaches into such a purpose.

A possible solution to this problem may be the combination of an offline static
grooming algorithm with an online dynamic grooming one. The offline algorithm is
used to perform a strictly nonblocking or rearrangeably nonblocking grooming for a
set of estimated traffic patterns, which can be made by taking advantage of available
information such as customer prescriptions, traffic projections, and historical data,
etc. Based on the offline grooming results, a fast online algorithm can be used to
dynamically assign traffic requests to the pre-designated wavelengths. If the current
traffic cannot be assigned to these wavelengths, the algorithm can first assign a split
part of the traffic to one of them, and then assign the remaining part to another
wavelength with free capacity. In this way, the virtues of both approaches, meta-
heuristics for searching optimal grooming results and online heuristics for quickly
assigning traffic to wavelengths, can be perfectly combined together.

The effectiveness of this hybrid approach can be justified by the recent obser-
vations of Elwalid et al.?® In their study of routing and protection in GMPLS
networks, it was found that using optimised paths computed offline to guide online
path setups outperformed mere online algorithms under a wide range of operating
conditions. This method was also robust to inaccuracies in the estimation of the
traffic matrix. In our previous studies we have also found that offline optimisation
could make full use of the dynamics of the changing traffic and make some com-
pensation among the traffic demands between different pairs of nodes.®!” That is
to say, it is often that at one moment some traffic requests are at their higher level
with others at their lower level. At another moment this situation may be reversed.
By utilising offline optimisation the traffic requests that are at their high level can
be compensated by those that are at their low level, which will guarantee that the
changing traffic is well fitted into the pre-designated wavelengths.
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5.4. Traffic grooming with QoS constiderations

Quality of Service (QoS) refers to the capability of a network to provide better
service to selected network traffic flows with various kinds of technologies. ITU-T
recommendation defines QoS as ‘the collective effect of service performance which
determines the degree of satisfaction of a user of the service’. The primary goal of
QoS is to provide differentiated services to different priority traffic requests, and the
need for internet service providers to be able to provide QoS to different customers
is becoming more and more urgent.

Although QoS provisioning in the internet using IP has been a topic of active
research in the last few years, QoS issues have not been considered in traffic groom-
ing so far. The inclusion of QoS requirements into the traffic grooming process will
be an interesting issue which will either reduce the usuage of resources under a cer-
tain blocking probability or lower the blocking probability under the same resource
consumption. One possible way to guarantee QoS in the traffic grooming process is
to assign high-priority traffic flows onto separate wavelengths and then assign other
lower-priority traffic flows to share the same wavelength with it. In this way, we can
preserve enough bandwidth for the high-priority traffic flows during dynamic pro-
visioning of traffic to guarantee their low blocking probability. Some other ways of
realising QoS during grooming may also be possible but researches have to be done
to make the best use of a wavelength’s capacity and at the same time guarantee
different QoSs to different traffic flows.

6. Conclusion

We have made an extensive and comprehensive review on various metaheuris-
tic approaches, particularly GAs, TS, and SA, to the grooming of static and
dynamic traffic in WDM optical networks. Some future challenges and research
directions have also been discussed in this paper. Because of the NP-hard prop-
erty of grooming problems in WDM optical networks, metaheuristic approaches
would be the most promising candidates for them. However so far only limited
work has been done in applying these approaches to the grooming problems. On
the other hand, due to the widespread use of WDM or dense WDM technologies,
more and more wavelengths will be carried by a single fibre. Hence, the design
of such networks will become even more difficult. With the use of generalised
multi-protocol label switching (GMPLS) in optical networks, a common control
plane (signalling and routing) can be provided for devices that switch in differ-
ent domains: packet (IP traffic), time-division multiplexing (TDM), wavelength,
waveband, and fibre.2?30 This gives an important integrated multi-granularity
routing and grooming possibility to such a system and it ‘is being exploited to
move deployed systems toward a flexible, “intelligent”, and more autonomous mul-
tiservice optical layer, or perhaps — as Internet traffic continues to drive net-
work design and deployment — Internet protocol (IP)/optical networks’.3! We
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believe that the use of metaheuristic approaches to the grooming problems in
such network systems will bring about the most cost-effective designing results
for them.
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